There is a compelling clinical need for bone grafts with initial bone-like mechanical properties that actively remodel for repair of weight-bearing bone defects, such as fractures of the tibial plateau and vertebrae. However, there is a paucity of studies investigating remodeling of weight-bearing bone grafts in preclinical models, and consequently there is limited understanding of the mechanisms by which these grafts remodel in vivo. In this study, we investigated the effects of the rates of new bone formation, matrix resorption, and polymer degradation on healing of settable weight-bearing polyurethane/allograft composites in a rabbit femoral condyle defect model. The grafts induced progressive healing in vivo, as evidenced by an increase in new bone formation, as well as a decrease in residual allograft and polymer from 6 to 12 weeks. However, the mismatch between the rates of autocatalytic polymer degradation and zero-order (independent of time) new bone formation resulted in incomplete healing in the interior of the composite. Augmentation of the grafts with recombinant human bone morphogenetic protein-2 not only increased the rate of new bone formation, but also altered the degradation mechanism of the polymer to approximate a zero-order process. The consequent matching of the rates of new bone formation and polymer degradation resulted in more extensive healing at later time points in all regions of the graft. These observations underscore the importance of balancing the rates of new bone formation and degradation to promote healing of settable weight-bearing bone grafts that maintain bone-like strength, while actively remodeling.
Introduction
P eriarticular fractures involve a weight-bearing joint and often have depressed portions that require extensive open reduction and internal fixation along with subchondral grafting to maintain articular congruence. Maintenance of articular reduction and joint congruity are important for both bone healing and articular alignment, since lack of articular congruence after fractures increases the likelihood of osteoarthritis. 1 While autograft remains the standard of care for bone healing, calcium phosphate (CaP) cements (CPCs) have proven to be superior to autograft for maintaining articular congruence of tibial plateau fractures. 2 A recent retrospective study has reported that 61% of patients treated with buttress plating and autograft experienced loss of reduction after one year compared to 23% of patients treated with hydroxyapatite (HA) bone cement. 3 However, HA bone cement does not extensively remodel and is not replaced by new bone. Moreover, the brittleness and low shear strength of CPCs adversely impact their ability to bear mechanical loads, requiring the use of large, mechanically rigid internal fixation devices (such as buttress plating), which has been suggested to increase complications. 4 Settable, weight-bearing bone grafts ideally exhibit both initial bone-like mechanical properties and also remodel with minimal resorption gaps such that the strength of the graft exceeds that of host bone during all stages of healing. Injectable bone void fillers (BVFs) include nonsetting allograft 5 and nonallogenic pastes, 6 which are typically delivered using viscous carriers (e.g., sodium hyaluronate, 7 glycerol, 8 or dextran 9 ) resulting in weak mechanical properties. Resorbable CPCs, [10] [11] [12] [13] such as beta-tricalcium phosphate (b-TCP, slowly resorbed by osteoclasts) or calcium sulfate (CSH) and brushite (undergo dissolution), have also been used to enhance bone healing. Tri-phasic CPCs comprising CSH, brushite, and granular b-TCP have been shown to heal metaphyseal defects in preclinical 14 and clinical studies. 15 However, rapid dissolution of CSH and brushite at rates exceeding that of new bone formation can result in loss of mechanical strength, 16 as well as the appearance of a fibrous resorption gap between the ingrowing new bone and the resorbing cement. 17, 18 While the initial compressive strength of CPCs is comparable to that of trabecular bone, they undergo brittle fracture at strains less than the yield strain of trabecular bone, resulting in failure due to fatigue under physiologically relevant cyclic loads where the shear component is significant. 6, 19 Reinforcement with polymeric, bioactive glass, or ceramic fibers has been reported to enhance the strength and ductility of CPCs, resulting in strengths approaching 50 MPa for poly(lactic-co-glycolic) acid (PLGA) fibers 20 and 130 MPa for magnesium alloy fibers. 21 Despite the growing interest in weight-bearing settable bone grafts, there is a paucity of studies investigating in vivo remodeling in preclinical models. While several studies have reported that weight-bearing grafts heal and form new bone, [22] [23] [24] [25] there is limited understanding of the mechanisms by which these grafts remodel in vivo, which is essential for designing grafts that ideally maintain bone-like strength during the entire healing process. 26 It has been suggested that the degradation rates of the polymer and ceramic phases must be matched to optimize healing, which is a challenging problem due to the fundamentally different mechanisms by which polymers and ceramics degrade. 26 In this study, we investigated the effects of the rates of new bone formation, matrix resorption, and polymer degradation on healing of settable, weight-bearing polyurethane (PUR) composites comprising approximately equivalent volume fractions of polymer and matrix. Based on our previous study reporting that composites incorporating allograft bone particles (ABPs) remodel by creeping substitution, 22 we investigated ABPs as the reinforcing particulated matrix phase. We hypothesized that matching the rate of new bone formation to that of polymer degradation would optimize healing. To test this hypothesis, we augmented the ABP/ PUR composites with either 105 or 420 mg$cm -3 recombinant human bone morphogenetic protein-2 (rhBMP-2), which was anticipated to increase the rate of new bone formation. Further, rhBMP-2 has been reported to promote zero-order degradation of the PUR network, 27 resulting in more closely balanced rates of bone formation and PUR degradation. The composites were injected into cylindrical defects in the femoral condyles of rabbits and evaluated by micro-computed tomography (mCT) and histomorphometry at 0, 6, and 12 weeks.
Materials and Methods

Materials
LTI-PEG prepolymer (23.6% isocyanate number), poly(ecaprolactone-co-D.L-lactide-co-glycolide) triol [162 mg potassium hydroxide/g and M n = 1393 g/mol (measured by gel permeation chromatography)], and rabbit allograft mineralized bone particles (ABPs, 180 -70 mm) were received as a gift from Medtronic, Inc. 28 Triethylenediamine (TEDA) catalyst was received as a gift from Goldschmidt, and rhBMP-2 was purchased from R&D Systems. Trehalose dehydrate, heparin sodium salt, acetonitrile, and trifluoroacetic acid (TFA) were purchased from Sigma Aldrich.
Preparation of rhBMP-2
The rhBMP-2 was supplied as a solution comprising 35% acetonitrile and 0.1% TFA. A separate acetonitrile/TFA solution was prepared containing a ratio of 10:1 of trehalose dehydrate:heparin sodium. The rhBMP-2 and trehalose mixtures were combined such that the ratio of rhBMP-2 to trehalose was 1:125. The resulting mixture was distributed in glass vials and frozen at -80°C in preparation for freezedrying, which produced a powder.
Synthesis of ABP/PUR biocomposites
The appropriate amounts of polyester triol, ABPs, and LTI-PEG prepolymer were added to a mixing cup and mixed by hand for 90 s. The index (ratio of isocyanate:hydroxide equivalents · 100) was 130. The resulting paste and the catalyst (5500 ppm TEDA) were then added to the rhBMP-2 vial and mixed for 60 s. The filler content (ABP and rhBMP-2 powder) was maintained at 70 wt% (56.7 vol%) for each biocomposite (BC) treatment group (Table 1) . Two rhBMP-2 doses were investigated: 420 and 105 mg$cm -3 , corresponding to 100% and 25% of the dose recommended for the absorbable collagen sponge (ACS) for rabbits. 29 The porosities of the composites (measured gravimetrically 27 ) were 5.7% -2.0% (0 mg rhBMP-2 cm -3 ), 2.7% -0.6% (105 mg rhBMP-2 cm -3 ), and 1.6% -0.4% (420 mg rhBMP-2 cm -3 ).
Rheological properties
The curing profile of the BC without rhBMP-2 (n = 4) was determined using a TA Instruments AR2000ex rheometer. The reactive BC was loaded between 25 mm diameter disposable plates and compressed to a gap of 1.5 mm. Measurements of storage (G¢) and loss (G †) moduli were performed using an oscillatory time sweep method with a frequency of 1 Hz and amplitude of 1% strain. The working time of the BC, defined as the time from the start of mixing until cure, was determined as the G¢ -G † cross-over point. The flow characteristics of the BC were analyzed by removing the catalyst from the formulation (n = 3). Nonsetting samples were poured between 40 mm cross-hatched parallel plates, compressed to a gap of 1.5 mm, and subjected to a dynamic frequency sweep (0.1 100 rad$s -1 ) at 25°C with controlled strain amplitude of 0.02%. A Cox Merz transformation was applied to the dynamic data to obtain the steady state viscosity (Z, Pa$s) as a function of shear rate (g, s
). The data were fit to the Herschel Bulkley model, which relates the viscosity and shear rate of solid-filled suspensions with high solids content, 30 to estimate the yield stress (t Y , Pa) of the material:
where K is the consistency index of the composite (constant) and n is the power-law index of the suspending polymer, which in this case is the nonreactive mixture of polyester triol and LTI-PEG prepolymer.
Mechanical properties
Cylindrical (6-mm diameter) samples of each treatment group were prepared for mechanical testing. The reactive paste was transferred into cylindrical plastic cups and a 1-lb weight (20.7 psi) placed on the material for 10 min. Cylinders were cured in a vacuum oven at 37°C overnight, removed from the plastic cups, and cut using a Buehler saw to a length of 12 mm. After 24 h of hydration in phosphate buffered saline (PBS), the samples were tested using an MTS 898 by preloading to 12 N followed by compression at a rate of 25 mm/min until failure. The original cross-sectional area of the cylinders was used to calculate compressive stress. The ultimate properties reported in this article correspond to the point where maximum stress was achieved. To prepare samples for torsion testing, *5 mm at each end of 6-mm-diameter cylinders was potted into Technovit 4000 (Heraeus Kulzer) resulting in a central gauge length of about 10 mm. The potting material was prepared by mixing the powder:syrup I:syrup II using a ratio of 2:2:1 following the manufacturer's instructions. After potting, the torsion samples were hydrated for 24 h in PBS, and then tested using an Instron DynaMight 8841 machine equipped with a 1.7 N$m torque cell. The potted ends were gripped using the Instron clamps in a horizontal setup (such that the residual torque was minimal). During testing, the clamps were rotated at an angular speed of 2°/s until failure. The measured torque and rotation angle were used to determine torsional stress using the equation 31, 32 :
where r is the radius of the cylinder, y = a/L is the rotation angle per gauge unit length, and T is the measured torque. The derivative dT/dy was determined by fitting the T versus y data to a fifth-order polynomial (between zero up to the maximum torque or ultimate point). Torsional strain (g) was determined as g = yr, and the shear modulus calculated from the linear region of the stress strain curve G = t/g. Toughness was calculated as the corresponding area under the stress strain curve from zero to the maximum stress.
Animal study
Forty-two New Zealand White (NZW) rabbits weighing between 3.8 and 4.1 kg were used. All surgical and care procedures were carried out under aseptic conditions per the approved Institutional Animal Care Use Committee (IACUC) protocol. The ABP/PUR putty components were gamma irradiated using a dose of *25 kGy. Glycopyrrolate was administered at 0.01 mg/kg intramuscularly (IM) followed by ketamine at 40 mg/kg IM. Bilateral defects of *6 mm diameter by 11 mm in depth were drilled in the lateral metaphysis of the distal femurs of each rabbit. ABP/PUR plugs from each treatment group (Table 1) were subsequently injected into each defect using a 1 mL syringe (modified by cutting the needle hub adapter). Treatment groups for each composite were dispersed randomly among the rabbits with rhBMP-2 treatment groups paired in each rabbit to eliminate systemic effects. The wound was closed *3 min after injection. The rabbits were euthanized at both 6 and 12 week time points using Fatal-plus (2.2 mL/10 kg) intravenously.
lCT analysis A mCT40 (SCANCO Medical) was used to acquire images of the extracted femurs post implantation at 6 and 12 weeks. In addition, femurs from NZW rabbits that were part of other experimental protocols which did not affect the skeleton (same age, sex, and similar weight to the rabbits used in this study) were scanned and analyzed as host bone controls. Subsequently, cylindrical defects (6 mm · 11 mm) were created in the host bone controls and filled with the BC formulation. The injected material was left to cure under PBS for 24 h before submerging the bone in formalin for further scanning as BC controls (BC, 0w). mCT scans were performed in formalin at 70 kVp energy, 114 mA source current, 1000 projections per rotation, 300 ms integration time, and an isotropic voxel size of 36 mm. A 0.1-mm-thick aluminum foil filter was employed to reduce beam hardening. Axial images were reconstructed using manufacturer-provided software. Further beam hardening correction was performed during image reconstruction using the manufacturer's 1200 mg$HA$cm -3 algorithm. Attenuation values were converted to tissue mineral density (TMD) through calibration with HA phantoms with densities between 0 and 780 mg$HA$cm -3 (calibration of the instrument was checked weekly). Using the cortical borders of the defect for alignment, the reconstructed image stack was reoriented such that the depth of the defect was parallel to the z-axis. A radial analysis of the morphometric parameters was conducted from the core of the implant to the interphase with host bone. Four concentric annular volumes of interest with thickness of 1 mm and approximate length of 11 mm (from the outer cortical surface of the femur) were defined for each sample. The three inner regions incorporated the BCs, while the outer region provided information about the interphase with host bone. Ossified tissue was segmented from soft tissue using a threshold of 480 mg$HA$cm -3 and Gaussian noise filter settings of sigma 0.2 and support 2. The threshold conditions were chosen visually and kept constant for the analysis of all the samples. Morphometric parameters within the annular volumes were calculated for each region, grouped by treatment and time point, and plotted versus the mean radial distance from the core of the defect R m [R m = (R o + R i )/2, where R o and R i correspond to the outer and inner radius of each region, respectively]. Bone volume/total volume (BV/TV), TMD (density of the ossified tissue), connectivity density (Conn.D.), trabecular number (Tb.N.), trabecular thickness (Tb.Th.), and trabecular separation (Tb.Sp.) within the regions of interest were computed using SCANCO's Medical microCT systems software.
Histology and histomorphometry
Rabbit femora were placed in a solution of 10% formalin for 2 weeks followed by a series of ethanol dehydrations. After fixation, the femurs were embedded in poly(methyl methacrylate) and 200-mm sections were cut from the resulting blocks using an Exakt band saw. The sections were BALANCING RATES OF NEW BONE FORMATION AND POLYMER DEGRADATIONthen ground and polished using an Exakt grinding system to < 100 mm and stained with Sanderson's rapid bone stain counterstained with van Gieson. Residual ABPs stained light brown, residual polymer stained black, new bone stained pink with dark blue osteocytes within the matrix, red blood cells stained torquiose, and other cells stained a lighter blue. The sections were imaged at 10 · magnification with an Olympus camera (DP71) using an Olympus BX60 microscope with and without polarizing the light. Residual ABPs, new bone formation, and remaining polymer were quantified in an area of interest 1.5 mm high · 6 mm wide located in the center of the defect. To analyze the radial remodeling of the scaffolds in time, the rectangular area of interest was further subdivided into three concentric annular regions (each 1 mm thick): A1, representing the area of the defect in contact with the host bone and up to 1 mm away from the edge of the defect; A2, representing the mid-region of the defect; and A3, representing the inner core of the defect. Residual allograft was differentiated from new bone by meeting the following criteria: (i) acellularity, (ii) angular in shape, and (iii) illumination under polarized light. Metamorph (Version 7.0.1) was utilized to perform histomorphometry using a color thresholding and an image layering technique to quantify the number of pixels of each layer and compare it to the total pixels in the area of interest.
Statistical analysis
Three-way analysis of variance (ANOVA), performed in JMP 9.0, was used to determine whether statistical differences existed between treatment groups, area, and time. Comparisons of individual sample groups were performed using a Tukey honestly significant difference (HSD) test. For all experiments p < 0.05 was considered statistically significant. Figure 1A shows a representative plot of the storage and loss moduli of the BC without rhBMP-2 during cure. The onset of the curve in Figure 1A is delayed due to the time (*9 min) required to set the gap and start data collection after mixing. Initially, the BC exhibits viscoelastic behavior as evidenced by its permanent deformation in response to applied stress, but when the working time is reached (G¢ G † crossover point at 13.7 -3.5 min) it becomes more elastomeric. The yield stress t Y of a solid-filled suspension can be defined as the minimum stress required for the material to deform. 33 Among the models developed to calculate t Y , the Herschel Bulkley provides the best fit of the data for the nonreactive BC (Fig. 1B) . The suspending polymer (0% ABPs) exhibits Newtonian behavior (dotted line) over the range of shear rates investigated (0.1 10 s -1 ). Consequently, the power-law index n (Eq. 1) of the suspending polymer is equal to unity, and fitting the Z versus g data to the resulting expression results in t Y = 738 kPa. Additionally, the viscosity of the material at 5 s -1 (the recommended shear rate at which the viscosity of an injectable material should be reported 34 ) is 179 kPa$s. The high initial viscosity suggests that the material is not flowable; however, up to the working time the BC can be molded to conform to the contours of the defect.
Results
Rheological properties
Mechanical properties
Representative compression and torsion stress strain curves measured for the BCs with and without rhBMP-2 are shown in Figure 2 and compared to a tri-phasic CPC comprising 75% CSH and 25% brushite/granular b-TCP (ProDense Ò ; Wright Medical). 6 The Young's modulus, ultimate stress, ultimate strain, and toughness (area under the stress strain curve) measured under compression and torsion are listed in Table 2 . Under compression, the modulus of the CPC (1689 MPa) was significantly higher compared with the BCs (450 524 MPa), but the strength of the CPC (19.9 MPa) was comparable to that of the BCs (24 28 MPa). However, due to the significantly higher ultimate strain for the BCs (7.4% 8.1%) compared to the CPC (1.7%), the toughness was approximately an order of magnitude greater for the BCs. Addition of rhBMP-2 did not have a significant effect on the mechanical properties of the BCs under compressive loading. Under torsional loading, the modulus of the CPC (2051 MPa) was substantially greater compared with the BCs (40 121 MPa). However, the torsional strength of the CPC (2.9 MPa) was comparable to that of the BCs (1.7 3.6 MPa). Similar to the results for compression, the ultimate strain was dramatically higher for the BCs (4.0% 5.0%) compared to the CPC (0.2%). Consequently, the toughness was more than an order of magnitude greater for the BCs. In contrast to the results under compression, the torsional properties decreased when rhBMP-2 was added.
lCT data
Representative mCT images of the BC and control groups after 6 and 12 weeks postimplantation are presented in Figure 3 . Minimal new bone formation, primarily in the region of the femoral cortex, was observed for the empty and ABP-treated groups at 6 and 12 weeks. These observations suggest that the empty defects did not heal extensively, and that in the absence of the settable PUR binder to maintain the structure of the graft, the allograft particles had resorbed. All BC treatment groups showed evidence of resorption of allograft particles (irregularly shaped bright white particles with sharp edges) and remodeling.
Considering that the BCs remodel by creeping substitution of ABPs initiated at the host bone/BC interface, the radial distribution of key morphometric parameters 35 was measured by mCT as shown in Figure 4 . The defect was divided into four annular regions (Fig. 4A ) extending for 11 mm and the morphometric parameters BV/TV, TMD, Conn.D., Tb.N., Tb.Th., and Tb.Sp. were measured for each region. The measured parameters of the samples were compared to those of the BC controls (BC, 0w) and healthy host trabecular bone controls (Host bone control). As shown in Figure 4B , TMD showed minimal variation as a function of radial distance, while the values for all groups were slightly higher at 12 weeks compared to 6 weeks. At 6 weeks, BV/TV (Fig. 4C) was relatively constant at *50 vol% for the BC and BC + BMP-H groups, while BV/TV dropped below 40 vol% in the outer regions (e.g., near the bone/BC interface) of the BC + BMP-L group. By 12 weeks, BV/TV (Fig. 4D) decreased monotonically from the inner core (*50%) to the outer interfacial region (30% 45%) for all groups. At 12 weeks, the BC group showed the largest radial change in BV/TV, ranging from values comparable to the BC control (51% -0.4%) at the inner core to values comparable to host trabecular bone (30% + 1%) at the bone-composite interface. None of the groups showed resorption gaps where BV/TV dropped below that of host trabecular bone. In addition to TMD and BV/TV, several standard morphometric parameters, 35 including mean Tb.Th., mean Tb.Sp., Tb.N., and Conn.D., were plotted as a function R m . Values for each treatment group were compared to measured values for BC controls (0 weeks) and host trabecular bone. As shown in Figure 4E , F, and H, Conn.D., Tb.N., and Tb.Sp. progressed 
Histology and histomorphometry
Histological sections (Fig. 5 ) of the empty defects at 6 weeks show minimal new bone formation, which is consistent with the mCT data. However, histological sections of the BC treatment groups (Fig. 6 ) reveal evidence of cellular infiltration (CI), allograft (A) resorption, and new bone formation (NB). High-magnification views show regions of active remodeling, osteoid formation, appositional growth of new bone on residual allograft particles, and bridging of allograft particles by new bone, suggesting that the BCs remodel by creeping substitution. 22, 27, 28 In contrast, allografttreated defects supported minimal ingrowth of new bone, which is consistent with the notion that the continuous polymer phase is essential for supporting new bone formation.
Histomorphometric analysis of each area of interest (labeled A1, A2, and A3 in Fig. 7A ) revealed an increase in new bone formation for all groups between 6 and 12 weeks (Fig.  7B D) . Differences over time within a specific area were significant only for A1 in the BC + BMP-L and -H groups, and differences between areas at each time point were not significant for any groups. Area% new bone formation data were fit to the following empirical equation (R 2 * 1 for all fits):
where a and b are fitting parameters (Table 3 ). In the outer region (A1), b/0 for all groups, suggesting that ingrowth of new bone near the host bone interface is a zero-order process. Thus, bone forms at an approximately constant rate r B = d(%B)/dt = mineral apposition rate, which has been reported as *4 mm$day -1 for the distal femur of rabbits. 36 However, b = 0.307 in the inner region of group BC (Fig. 7B) , indicating that the rate of new bone formation decreased from 6 to 12 weeks. As anticipated, augmentation with rhBMP-2 significantly increased the rate of new bone formation, but differences between the low and high dose were not significant. In the inner region, the parameter b is lower for the BC + BMP-L (Fig. 7C ) and BC + BMP-H (Fig. 7D ) groups compared to the BC group, suggesting that the rate of new bone formation in the interior of the graft is decreasing less in the presence of rhBMP-2. Histomorphometry data for residual allograft are presented for each area in Figure 7E G. Area% allograft (A) data for the BC group (Fig. 7E) were fit to the following equation:
where A A,i is the initial area% allograft in the sample at t = 0. Values of the fitting parameters a and b for each group are listed in Table 4 . As anticipated, for the BC group the area% allograft decreased with time due to osteoclast-mediated resorption, 22, 27, 28 but the differences between 6 and 12 weeks were not significant for any groups. The half-life varied from 2.3 to 2.9 weeks. In the presence of rhBMP-2, the area% residual allograft was less than in the BC group at 6 weeks, suggesting that rhBMP-2 accelerated allograft resorption at early time points. Interestingly, no significant changes in allograft area% were observed in the rhBMP-2 treatment groups from 6 to 12 weeks. Due to the transient resorption of allograft at 6 weeks, it was not possible to fit the area% allograft data to equation (4) in the presence of rhBMP-2.
Polymer degradation was affected by both time and rhBMP-2 dose (Fig. 7H J) . Differences between 6 and 12 weeks were significant within a specific area for all groups, but differences between areas were not significant. Area% (Fig. 7H) were fit to the following equation:
where A P,i is the initial area% polymer in the sample at t = 0. The half-life of the polymer ranged from 10.5 to 11.5 weeks, which is substantially longer compared with the allograft but slightly shorter than t 1/2 = 14 weeks reported in vitro. 37 Similar to observations from in vitro studies, the degradation profile of the poly(ester urethane) is consistent with an autocatalytic mechanism 37 and does not follow the first-order kinetics associated with ester hydrolysis. 38 Local delivery of rhBMP-2 (Fig. 7I, J) changed the shape of the area% polymer curve, which was fit to an equation similar to the one used for new bone:
As evidenced by the values of b/0 (Table 5) , the process of PUR degradation in the presence of rhBMP-2 is nearly zero order (i.e., constant rate). Augmentation with rhBMP-2 also accelerated PUR degradation, as evidenced by t 1/2 = 6.4 8.3 weeks for BC + BMP-L and t 1/2 = 6.3 7.5 weeks for BC + BMP-H. Differences in residual polymer were significant between the BC group and the BC + BMP-L and -H groups at 6 weeks, but there were no significant differences between groups at 12 weeks. Thus, rhBMP-2 both altered the mechanism of PUR degradation and also increased the degradation rate.
Discussion
Weight-bearing bone grafts have generated considerable interest in recent years, but the mechanisms by which they remodel, while maintaining their initial bone-like strength are poorly understood. In this study, we investigated the effects of the rate of new bone formation, the rate of reinforcing matrix (allograft) resorption, and the mechanism of polymer degradation on healing of ABP/PUR composites in femoral condyle plug defects in rabbits. The initial compressive strength (24 28 MPa) and toughness (1070 1400 kJ$m -3 ) of the composites were comparable to or exceeding those of trabecular bone (6 MPa and 1050 kJ$mm 
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). When injected into femoral condyle plug defects in NZW rabbits, new bone formation and healing progressed in the outer region near the host bone interface for up to 12 weeks. Polymer degradation was autocatalytic and new bone formation was approximately zero order, resulting in incomplete healing in the inner regions of the graft at later time points. In contrast, local delivery of rhBMP-2 increased the rate of new bone formation and promoted approximately zero-order degradation of the continuous polymer phase, resulting in improved healing at later time points. Thus, balancing the rates of new bone formation and polymer degradation was observed to improve healing.
The settable composites exhibited a working time of 13.7 -3.5 min, which is longer than the values of 6 10 min reported for CPCs. 40, 41 A proposed criterion for injectability of CPCs dictates that the material can be administered from a syringe by applying a force < 100 N. 6 Consequently, a syringe with diameter > 13 mm would be required to inject the BC due to its high yield stress (738 kPa). The viscosity of the BC at 5 s -1 is substantially higher (18 · 10 3 Pa$s) compared with injectable CPCs (5 10 Pa$s, 35 39 vol% solids 34 ). Thus, while the BC has higher initial viscosity and yield stress compared to other BVFs due to its high solids content (57 vol%), it is The parameter A A,i is the initial area% allograft measured by histomorphometry. Data for BC + BMP L and BC + BMP H groups could not be accurately fit to the exponential or rational functions.
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moldable and settable within a clinically relevant time frame, which enables the surgeon to conform the graft to the contours of the bone defect. 42 The initial compressive strength (24.0 -4.8 MPa) and modulus (503 -122 MPa) of the BCs exceed values reported for trabecular bone, which range from 3.7 to 8.4 MPa and 104 to 300 MPa, respectively. 39, [43] [44] [45] Similarly, the ultimate strain of the BCs (7.3% -0.6%) exceeds that of trabecular bone in human femora (1.05% -0.46%) 46 , while the toughness (1072 -292 kJ$m ( 39 )]. Under torsional deformation, the strength and modulus of the BCs are 2.9 -1.4 and 121 -18 MPa, respectively, which are close to values reported for human, 31, 47 bovine, 48, 49 canine, 43 and ovine 50,51 trabecular bone ranging from 3.1 to 7.7 MPa and 263 to 366 MPa, respectively. However, the ultimate strain of the BC (5.0% -1.2%) is comparable to a previous study reporting strain at failure of 4.6% -1.3% for trabecular bone. 31 Taken together, these observations suggest that the initial mechanical properties of the BCs are comparable to those of trabecular bone under compression and slightly weaker under torsion.
Recent studies have reported that the poor mechanical properties of CPCs under the physiologically relevant conditions of cyclic loading with a significant shear component 52 limit their use to nonload-bearing applications. 6, 19 The weak shear and torsional properties of these materials have been attributed to their inherent brittleness; however, there are limited toughness and fatigue data. Therefore, we compared the toughness of the BCs to an injectable tri-phasic CPC that supports bone healing in both preclinical models 14 and patients. 53 The toughness of the CPC was *6 times less compared with the BC and trabecular bone under compression, while under torsion the toughness of the CPC was *30 times less compared with the BC. The reduced toughness of the CPC is attributed, in part, to its lower ultimate strain compared to the BC and trabecular bone under compression (1.7%) and torsion (0.2%). While the area under the stress strain curve is a convenient estimate of toughness, it is not a true material property, 19 and thus, the fatigue properties, fracture toughness, and/or other measures of reliability (such as the Weibull modulus) must be characterized to assess the potential of the BC to promote healing in weightbearing bone defects.
While incorporation of CaP has been reported to increase osteoconductivity for some polymers, 54 a recent review has reported that in most studies it does not increase the strength of polymer/ceramic composites. 19 As an exception to this trend, HA/poly(lactic acid) composites incorporating negligible porosity and *20 vol% HA particles exhibited bending strengths up to 280 MPa. However, since bridging between the ceramic particles and host bone was dependent upon the degradation of poly-l-lactide (PLLA), 55 the rate of remodeling was slow, as evidenced by the fact that 4% of the composite implanted in rabbit femora remained after 7 years. 56 Further, the resorption zone near the host bone interface resulting from phagocytosis of the implant by histocytes 56 is anticipated to reduce its strength. Compression-molded ABP/PUR BCs incorporating 68 vol% ABP exhibited compressive strengths ranging from 100 to 170 MPa and supported extensive cellular infiltration at 6 weeks in rabbit femoral condyle defects. 22 However, only modest new bone formation (*2%) was observed at 6 weeks. The grafts remodeled by creeping substitution, a process characterized by resorption of allograft particles by osteoclasts 27 followed by infiltration of osteoblasts into the newly formed pore. 22, 27, 28 Subsequent new bone formation was observed on the surfaces of both the polymer and also the residual allograft particles. However, the grafts filled with fibrous tissue due to the lack of a continuous surface for new bone growth. In the present study, the ABP control group with no polymer exhibited extensive resorption of allograft particles and minimal new bone formation away from the cortex. These observations underscore the need for a continuous polymer phase to persist throughout the interior of the BC until an interconnected surface of new bone has formed to sustain healing.
To overcome the limitations of previous studies, settable ABP/PUR composites were designed to incorporate a continuous phase comprising 43% polymer. New bone formation in the outer region of all grafts progressed at a nearly constant rate (Fig. 7B D) . However, r B = d(%B)/dt in the inner regions decreased with time, suggesting that masstransfer limitations associated with infiltration of cells from the host bone into the interior of the scaffold slowed bone formation. A diffusion model for bone formation in scaffolds has been proposed 57 :
where c denotes BV/TV, D is the Laplacian, and a (mm
) is the scaffold osteoconduction coefficient. Incorporation of ABPs, which resorb by osteoclastic resorption (fast) rather than dissolution (slow), at loadings sufficiently high to present a percolated phase resulted in relatively rapid (t 1/2 < 3 weeks) resorption of the reinforcing matrix. However, the mCT radial analysis (Fig. 4) shows that BV/TV progressed monotonically toward values approaching those of host bone near the interface with no evidence of extensive resorption gaps. These observations point to the potential utilization of a as an independent design parameter that can Table 5 . Fitting Parameters for Polymer Histomorphometry Data, Which Were Fit to Area% P = A P,i -at/(1 + bt) for BC + BMP-L and BC + BMP-H Groups and to Area% P = A P,i -a exp(bt) for the BC Group The parameter A P,i is the initial area% polymer measured by histomorphometry.
be controlled by varying the intrinsic resorption rate and/or loading of the reinforcing matrix. Local delivery of rhBMP-2 increased the rate of new bone formation and had a transient effect on allograft resorption at 6 weeks. These observations are consistent with in vitro and preclinical studies reporting that BMP-2 upregulates osteoclast differentiation and activity [58] [59] [60] [61] and drives osteoclastmediated resorption at high doses. 62 Similar observations have been made for rhBMP-2 released from an ACS implanted in femoral condyle plug defects in sheep. 62 However, transient allograft resorption observed in previous studies has generally been associated with doses of rhBMP-2 considerably higher than the recommended values. Exogenous rhBMP-2 also modified the degradation kinetics of the poly(ester urethane) network. 27, 63 While the mechanism of polymer degradation in the presence of rhBMP-2 is not well understood, the drug has been reported to recruit monocytes 64 that degrade lysine-derived PUR scaffolds by an oxidative mechanism. 65 Thus, the observed zero-order polymer degradation kinetics may be macrophage mediated.
The histomorphometry data were further analyzed in Figure 8 to gain insight into the design criteria for weightbearing bone grafts. The rate of new bone formation r B relative to the rate of polymer degradation [r P = -d(area% P)/ dt] is plotted versus the parameter f H , which approximates the fractional healing of the defect:
The area% bone in the host bone was measured by histomorphometry to be 39.3% -1.9%. For the BC, at the early stages of healing, r B /r P > > 1 but it decreased dramatically with time (Fig. 8A) . A representative histological section (Fig.  8B) shows poor surface connectivity at 12 weeks, characterized by isolated islands of polymer and allograft. The consequences of mismatched rates of new bone formation and polymer degradation are particularly acute in the inner region, where r B /r P /0 at f H = 32% healing, at which time the surface is likely insufficiently interconnected to continue to support cellular infiltration and consequent new bone formation. Thus, autocatalytic degradation of the PUR network driven by pendant carboxylic acid groups formed after hydrolysis of ester bonds does not match the zero-order kinetics of new bone formation, 66 resulting in poor healing in the inner region.
In the presence of exogenous rhBMP-2, the rates of new bone formation and polymer degradation were more balanced. Although r B /r P monotonically decreased with time in the presence of rhBMP-2 (Fig. 8C, E) , the effect was substantially weaker than in the BC group, and in the outer region r B /r P was nearly constant. The relative rate r B /r P approached values < 0.2 in the inner regions, but by this time (12 weeks) healing had progressed to f H > 50%. The representative histological sections from the BC + BMP-L (Fig. 8D ) and BC + BMP-H (Fig. 8F) groups show a more connected surface in the inner regions (A2 and A3) for continued bone growth at 12 weeks. Taken together, the data in Figure 8 suggest that to optimize bone healing, the polymer must persist until a sufficient amount of new bone has formed to provide a continuous surface, and that the rate of degradation of the continuous polymeric phase should be matched to the rate of new bone formation. While polyester with a longer half-life 37 is anticipated to delay the onset of rapid polymer degradation until later stages of healing, autocatalytic degradation of polyesters could result in unpredictable outcomes. In contrast, polymers that degrade at a constant rate, for example, by enzymatic degradation, are anticipated to more closely match the rate of new bone formation. 26 Settable weight-bearing bone grafts could potentially transform the management of tibial plateau fractures, screw augmentation, vertebroplasty, and other orthopedic indications, but their success is predicated on their ability to maintain sufficient bone-like strength actively remodeling. Weight-bearing composites generally comprise a resorbable reinforcing matrix (e.g., short fibers 20, 21 or particles 22, 56 ) dispersed in a continuous phase (e.g., polymers or ceramics). A recent review highlighting the challenges associated with the design of weight-bearing composites has suggested that the rates of degradation of the reinforcing matrix and the continuous phase should be matched to ensure adequate healing. In this study, we found that early resorption of the reinforcing matrix does not affect healing at later time points, but the continuous phase must persist until sufficient new bone has formed. Hydrolytically degradable polymers undergo autocatalytic degradation, resulting in poor healing in the interior of the graft due to transport limitations associated with ingrowth of new bone. 57 Closely balancing the rates of new bone formation and polymer degradation, accomplished by local delivery of rhBMP-2 in this study, allowed healing to progress to later stages (up to f H = 70%). A limitation of this study is that none of the areas healed > 70% over the 12-week duration. However, our findings point to the importance of both maintaining a continuous surface for bone healing, as well as balancing the rates of new bone formation and continuous phase degradation as a strategy for maintaining sufficient bone-like strength over the lifetime of the graft. Polymers that undergo cell-mediated degradation 26 are anticipated to promote balanced remodeling at all stages of healing, which should be assessed by future long-term studies.
Conclusions
Moldable, settable ABP/PUR BCs exhibited initial mechanical properties comparable to those of trabecular bone. When implanted in plug defects in rabbit femoral condyles, morphometric analysis of both histological sections and mCT reconstructions revealed that new bone formation and healing progressed in both space and time from the outer region near the host bone interface to the inner core for up to 12 weeks. However, the unbalanced rates of autocatalytic polymer degradation and zero-order new bone formation resulted in incomplete healing in the interior of the composite. Augmentation of the composites with rhBMP-2 increased the rate of new bone formation and induced approximately zero-order degradation of the polymer. The consequent balance of new bone formation and polymer degradation resulted in more extensive healing at later time points in all regions of the graft, including the interior. These observations underscore the importance of both maintaining a continuous polymer surface for new bone growth, as well as matching the rate of new bone formation to that of polymer degradation to promote healing of settable weight-bearing bone grafts that maintain bone-like strength, while actively remodeling.
